ACKNOWLEDGMENTS
This work is supported by the National Natural Science Foundation of China (grants 51231007 and 51171190) and the National Basic A.E. participated in the ferroelectric theoretical analysis based on the LGD framework; and A.Y.B. and S.J.P. contributed to STEM-HAADF imaging data analysis, particularly to the calculation of the strain-gradient components near the vertex core. All authors participated in discussion and interpretation of the data. Correspondence and requests for materials should be addressed to X.L.M. 
*
Quantum theory dictates that upon weakening the two-body interaction in a three-body system, an infinite number of three-body bound states of a huge spatial extent emerge just before these three-body states become unbound. Three helium (He) atoms have been predicted to form a molecular system that manifests this peculiarity under natural conditions without artificial tuning of the attraction between particles by an external field. Here we report experimental observation of this long-predicted but experimentally elusive Efimov state of 4 He 3 by means of Coulomb explosion imaging. We show spatial images of an Efimov state, confirming the predicted size and a typical structure where two atoms are close to each other while the third is far away.
E
ver since the early days of celestial mechanics, the three-body problem has posed a major challenge to physicists. In the early 20th century, the failure to find a stable solution for the classical helium (He) atom (two electrons and a nucleus) heralded the demise of Niels Bohr's program of semiclassical atomic physics (1) . Quantum mechanics then added yet another surprising twist to the three-body problem, when in 1970 Vitaly Efimov predicted the appearance of an infinite series of stable threebody states of enormous spatial extents (2) . These Efimov states are predicted to exist for shortrange interactions such as the van der Waals force between atoms or the strong force between nucleons. When the potential becomes so shallow that the last two-body bound state is on the verge of becoming unbound or is unbound, then three particles stick together to form Efimov states. This three-body behavior does not depend on the details of the underlying two-body interactions. This makes the Efimov effect a universal phenomenon, with important applications in particle, nuclear (3, 4) , atomic (4), condensed-matter (5), and biological physics (6) . Figure 1A shows how the two-and three-body binding energies (the binding energy of an atomic cluster is defined as the energy needed to separate all constituents of the cluster to infinite distances) change as the depth of the two-body potential is increased. As indicated by the arrow above Fig. 1A , the depth of the two-body potential increases along the horizontal axis. As the depth increases, the s-wave scattering length a changes from negative values to infinitely large values to positive values. Negative a values correspond to the domain where shallow two-body bound states do not exist. For positive a, a shallow two-body bound state, the dimer (blue solid line in Fig. 1A ), exists. Bound threebody states (called trimers) exist in the green-shaded area. The extremely weakly bound three-body states close to threshold (solid red line labeled "1st ES" and the dashed black line labeled "2nd ES") are Efimov states, which have been predicted to possess remarkable characteristics that are intricately related to the discrete scale invariance of the underlying three-body Hamiltonian. Key characteristics of Efimov states are their unusual extent and structure. Figure 1B shows the calculated structure of the state labeled 1st ES for sign(a)|a| -1/2 = 0; i.e., for the ideal and universal case where the two-body scattering length is infinitely large and the dimer binding energy is equal to zero. For comparison, the size and shape of the ground state trimer (labeled "GS" in Fig. 1A ) are depicted in Fig. 1C . Efimov trimer extends out to 300 Ǻ (1 Ǻ = 0.1 nm); i.e., the Efimov trimer is about 100 times larger than a typical chemically bound triatomic molecule. Moreover, the ideal Efimov state is highly diffuse and does not display a predominantly equilateral triangular or linear shape.
Despite their relevance across different subfields of physics, these spatially extended and weakly bound trimer states have proven extremely challenging to prepare and detect, and experimental evidence for the Efimov effect was reported only in 2006 (7) (36 years after its theoretical prediction), stimulating a great deal of continued experimental activity. Experimental signatures to date have come from loss measurements or spectroscopy on trapped cold-atom systems. In experiments of this type, the two-body interaction is tuned in the vicinity of a Feshbach resonance through the application of an external magnetic field. Signatures of the Efimov effect are then obtained by monitoring the atom loss from the trap due to the formation of Efimov trimers at scattering lengths for which the trimer energy coincides with that of three free atoms (these scattering lengths are marked by asterisks in Fig. 1A ). The most direct probe of Efimov trimers to date comes from radiofrequency spectroscopy on an ultracold three-component lithium gas, which yielded the binding energies of an Efimov trimer for different two-body interaction strengths (8, 9 ). An experimental exploration of the size and shape of Efimov states requires a setup where the trimer is sufficiently long-lived and can be imaged selectively. These two demands prove challenging for cold-atom experiments. The experiments reported in this work circumvent these challenges by working with a different species, namely 4 He, and a completely different experimental approach.
The He trimer is a paradigmatic molecular system that is believed to support an Efimov state. In fact, it was already predicted in 1977 to be a prime candidate with which to study Efimov physics (10) . Theoretical calculations based on the currently most accurate He-He potential (11) predict two bound states for the He trimer, the ground and excited states, with binding energies of 131.84 and 2.6502 mK, respectively (12) . These states occur naturally along the vertical dashed line in Fig. 1A at a scattering length of a = 90.4 Å (11). The excited state has one node in the hyperradial coordinate, indicating a vibrational excitation that is reminiscent of a breathing mode in classical triatomic molecules. Our calculations, shown by the green and red lines in Fig. 1A , conclude, in agreement with earlier works (4, 10, (13) (14) (15) (16) , that an artificial strengthening of the pair interaction (see the right pointing arrow above Fig.  1A ) renders the excited state of the He trimer less strongly bound with respect to the dimer, thus confirming the Efimov character of the trimer state. This character is further supported by the appearance of a second Efimov state upon an artificial weakening of the true two-body He-He potential (dashed black line labeled 2nd ES in Fig. 1A ).
The energy ratio of two neighboring Efimov states for infinitely large s-wave scattering length is 22.7 2 . Correspondingly, the excited state is about 22.7 larger than the ground state (Fig. 1, B and C Because of the very low binding energy, the 4 He trimer lacks rotational states, which implies that common structural experimental tools such as rotational spectroscopy cannot be applied. The 4 He trimer ground state was observed experimentally in 1996 by Schöllkopf and Toennies (17), using matter-wave diffraction of He clusters from a transmission grating. Concerted experimental efforts, however, did not provide any evidence for the existence of the excited state of the 4 He trimer (18, 19) .
Here we report experimental observation of the Efimov state of the He trimer; the creation of this stable state in a "natural" field-free environment allows us to directly investigate the structural aspects of Efimov physics and take real-space images of the square of the wave function of an Efimov state using Coulomb explosion imaging. The obtained experimental distributions are in good agreement with those obtained from full first-principles quantum-mechanical calculations (20, 21) that use the currently most accurate He-He potential published by Cencek et al. (11) .
The He clusters were prepared in a molecular beam under supersonic expansion of gaseous He at a temperature of 8 K through a 5-mm nozzle. The cluster yields were tuned by varying the nozzle back-pressure. He trimers were selected from the molecular beam by means of matter-wave diffraction (17) . The selection removed an overwhelming fraction of He monomers that dominates the molecular beam under all expansion conditions. All three atoms of a trimer were then singly ionized by a strong ultrashort laser field (30 fs, 780 nm, >3 × 10 15 W/cm 2 ). Because the ionization process is essentially instantaneous, the quantum-mechanical probability distributions The center of mass of the trimer was shifted to the origin, and the structures were rotated so that the principal axis with the smallest moment of inertia (shown by the red vector a in the inset) lay along the y axis. Additionally, if required, the structure was mirrored with respect to the x or y axis in order to get one He atom in the first quadrant and the other two in the third and fourth quadrants, so that the second quadrant is always empty. The linear color scale encodes the number of entries.
of the neutral trimers provide the initial configurations for the subsequent Coulomb explosion (22) of the triply charged trimers. The momenta acquired during the explosion of the ions were measured by cold target recoil ion momentum spectroscopy (23, 24) . From these momentum vectors, the initial spatial geometry of the three charged fragments at the instant of ionization was reconstructed using Newton's equation of motion (for details, see the supplementary materials). A simple global observable related to the structure is the total kinetic energy of all three ions [kinetic energy release (KER)]. In the Coulomb explosion, the total potential energy of the three charges with interparticle distances R ij is converted into KER (in atomic units) KER = 1/R 12 +1/R 13 +1/R 23 (1)
The measured KER distributions corresponding to the He trimer at two different nozzle backpressures are depicted in Fig. 2A . At a pressure of 1.7 bar (Fig. 2A, blue curve) , only one peak with a maximum at 5 eV is observed. This peak corresponds to the ground state of the He trimer, with an average He-He distance of 10.4 Å (25). At a lower nozzle pressure of 330 mbar ( Fig. 2A, black  curve) , an additional peak with a maximum at 0.57 eV emerges. This low-energy feature corresponds to structures that are about eight times larger than those of the ground state. Such large spatial extent (≈80 Å) has been predicted for the excited state of the 4 He trimer (12, 26, 27) . Indeed, the KER distribution ( Fig. 2A, violet curve) calculated from the full quantum-mechanical probability distribution of the excited He trimer using Eq. 1 resembles the experimental observation (difference spectrum in red, Fig. 2A ) very closely.
As Fig. 2A shows, the yield of the 4 He 3 excited state is sensitive to the expansion conditions. The detailed analysis of the pressure dependence shows that the maximum rate of the excited state of the 4 He trimer is achieved not at pressures with the highest yield of the ground state of the trimer, but rather at pressures that favor dimer formation (Fig. 2B) . This might be an indication that two He dimers are required for the formation of the excited He trimer during the supersonic expansion; the formation mechanism of the ground-state trimer is seeded primarily by collisions between one He dimer and two He monomers (28) . Another interpretation of the observed pressure dependence of the excited state yield might be an increased collision-induced breakup rate of excited trimers in an expansion at higher pressures due to increased translational temperatures (28) . The highest ratio of the excited-to the ground-state He trimer populations of about 4% was found at the lowest pressure used in the experiment, namely at 200 mbar. At a pressure with the maximum yield of the trimer ground state, we could not detect any contribution of the excited state. This very weak relative yield of the excited state explains why it was not observed in the experiment of Toennies and co-workers (19), with an estimated detection limit of 6%. Figure 2 establishes unambiguously that the He trimer excited state is stable and can be prepared reliably in an experiment. In order to deduce quantitative information about the structural properties of the excited He trimer from the measured momenta, we used classical mechanics to invert the Coulomb explosion [see (25) and the supplementary materials for details]. Unfortunately, there is an ambiguity of momentumto-structure relation in the small region of the structural space. This results in the reconstruction of some number of irrelevant geometries. In order to overcome this issue, the irrelevant structures were filtered out during reconstruction (for details, see the supplementary materials). Figure 3 shows the reconstructed pair distance distributions for the excited state (red and black) and the ground state (blue) of He 3 . The red and black distributions differ in how the excited-state structures are separated from the ground-state structures. The separation is necessary because the wave functions of both states overlap spatially in the range of lower pair distances, and the ground state always dominates in the experiment. By applying a filter in the momentum space (for details, see the supplementary materials), we were able to choose momenta that mainly relate to the excited state of He 3 (Fig. 3, black) . However, some He trimers. The experimental distributions correspond to the mixture of the ground and excited states (black, expansion conditions: 8 K, 330 mbar) and to the ground state only (blue, expansion conditions: 8 K, 1.7 bar). The difference spectrum is shown in red with error bars (corresponding to a confidence interval of 95%). The ground-state-only distribution (blue) is normalized so that it agrees with the mixture distribution (black) for KER around 3 to 5 eV. The theoretical KER distribution for the excited state of the 4 He trimer, obtained from our full quantum-mechanical calculation, is shown in violet. Note the logarithmic scale on both axes. arb., arbitrary units. (B) Dependence of the 4 He cluster rates on the back pressure at a temperature of 8 K for a nozzle with a 5-mm orifice. The very low rate of the He 3 excited state (red) is scaled by a factor of 10 3 . The background caused by ground-state structures has been subtracted from the excited-state rate. The error bars correspond to a confidence interval of 68%. The rates for the He 3 ground state and He 2 are shown in blue and black, respectively. structures of the excited state have been cut by the filter, resulting in the discrepancy below a pair distance of 50 Å. An alternative way of obtaining the excited-state distribution is subtraction of the reconstructed distribution of the ground state from the distribution of the mixture of the ground and excited states (Fig. 3, red) . This approach still fails to give an accurate reproduction of the distribution in the lower pair distance range, because of the overwhelming amount of the ground state, whose distribution spreads up to 50 Å (Fig. 3,  blue) . At larger distances (>100 Å), however, both
sciencemag.org SCIENCE (A and B) , respectively, show the theoretical and experimental excited-state structure; (C) shows the theoretical ground state. Note the different scale for the ground state structure. For the plots, the center of mass of the trimer was shifted to the origin. The structures were rotated so that the principal axis with the smallest moment of inertia lay along the y axis. Additionally, if required, the structure was mirrored with respect to the x or y axis in order to get one He atom in the first quadrant and the other two in the third and fourth quadrants. The corresponding normalized structures are plotted in (D to F). The structures are normalized to the largest pair distance and subsequently located so that the two atoms with the largest pair distance get coordinates (-0.5,0) and (0.5,0) and the position of the third atom is plotted. The gray rectangle in (E) relates to structures that were cut during the reconstruction (see the supplementary materials for details). The linear color scale encodes the number of entries. The typical structure of the excited state of the He 3 is sketched in the upper right corner of (D).
experimental pair distance distributions of the excited state are nearly identical and match the theoretical distribution (Fig. 3, violet) very well.
The measured pair distribution (Fig. 3) can be used to extract the binding energy of the excited state. The excited He 3 exists mainly in the classically forbidden region well outside the two-body interaction potential well. Therefore, the asymptotic part of the pair distance distribution P pair (R) can be approximated by an exponential decay function (12)
where R denotes the He-He distance, m = 2 × m He /3 is the reduced mass of the He trimer, and DB is the difference between the binding energies of the excited trimer state and the dimer ground state. Fitting the falling edge of the reconstructed pair distance distribution (black curve, Fig. 3 ) by Eq. 2 yields DB of 0.98 T 0.2 mK (for details, see the supplementary materials). Given a theoretical prediction for the dimer binding energy of 1.62 mK (11), we obtain a binding energy of the trimer excited state of 2.6 T 0.2 mK. This is in excellent agreement with our theoretical value of 2.65 mK, as well as with a theoretical value of 2.6502 mK from (12) .
Having established the spatial extent of the He 3 Efimov state, we now discuss its geometric shape revealed by the structural plots shown in Fig. 4 . The plots in the upper row [(A) to (C)] of Fig. 4 are generated in the center-of-mass coordinate frame, with the principal axis of the smallest moment of inertia chosen to lie along the y axis as proposed by Nielsen et al. (26) . In the plots of the lower row [(D) to (F)] of Fig. 4 , the interparticle distances of each reconstructed geometry were initially normalized to the largest of the three interparticle distances. Subsequently, the two atoms with the largest pair distance were placed at positions (-0.5,0) and (0.5,0), and the position of the third atom was plotted. In these plots, the equilateral triangle corresponds to the (x,y) = (0, ffiffi ffi 3 p /2), and linear configurations have y = 0. The structure in which two particles are close to each other, with the third particle being far away, corresponds to (x,y) being close to (-0.5,0) or (0.5,0).
The geometry of the Efimov state is remarkably different from that of the ground state. Whereas the ground state corresponds to an almost randomly distributed cloud of particles (25) , the excited Efimov state is dominated by configurations in which two atoms are close to each other and the third one farther away, in the classically forbidden region of the two-body interaction potential. According to theory, the average value of the smallest angle in the triangle is 18°. This typical structure of the 4 He 3 excited state is in accordance with the prediction of Nielsen and coworkers (26) and in line with a dimer-like pair model proposed by Hiyama and Kamimura (29) , which explains the asymptotic behavior of the excited state of the He 3 . More generally, the typical structure revealed by Fig. 4 is an intrinsic property of all Efimov states with positive twobody scattering length. Comparison with Fig. 1B shows that the geometrical structure of the real He 3 exited state is similar to the one of the hypothetical He trimer with an infinite scattering length, although the amount of triangles with a small acute angle is reduced in the latter case (see also fig. S7 ).
We have reported the observation of the elusive Efimov state of the 4 He trimer by means of Coulomb explosion imaging of mass-selected clusters. We have found that the dominant structure of an Efimov state with positive two-body scattering length is a triangle with a relatively small acute angle. This has important consequences for how Efimov states are formed and possibly excited, as it is the geometry that defines the FranckCondon overlap with continuum as well as with bound states. Having demonstrated the ability to experimentally image the quantum-mechanical probability distribution of Efimov trimers, this work opens the door for quantitative studies of Efimov physics beyond the geometric scaling properties and energetics. Extensions of the imaging approach to the four-body sector appear feasible.
